Most invasive strains of Escherichia coli from man and domestic animals were lethal for chickens and mice. The lethal characteristic was not, in general, transferred when invasive strains were grown in mixed culture with non-pathogenic strains of E. coli, although two transmissible plasmids coding for pathogenic properties were discovered.
S U M M A R Y
Most invasive strains of Escherichia coli from man and domestic animals were lethal for chickens and mice. The lethal characteristic was not, in general, transferred when invasive strains were grown in mixed culture with non-pathogenic strains of E. coli, although two transmissible plasmids coding for pathogenic properties were discovered.
One plasmid, designated Vir, was found in an E. coli strain causing bacteraemia in a lamb. It transferred at high rate to several strains of E. coli, including a rec A-KI 2 strain, to Salmonella typhi, Salm. typhimuriunz and Shigella sonnei. Culture filtrates and, especially, bacterial ultrasonicates of Vir+ strains were toxic for chickens, mice and rabbits. The toxin was heat-sensitive, acid-sensitive and non-diffusible. Organisms producing it were agglutinated by specific Vir+ antisera; their toxic activity was not neutralized. The transfer factor of the Vir plasmid was fi+ and could transfer antibiotic-resistance determinants in addition to the Vir determinant.
The other plasmid was first discovered in an E. coli strain ~1 2 0 , isolated from an outbreak of bacteraemia in chickens. Organisms of E. coli K I~ and of other E. coli strains acquiring this plasmid during mixed culture with ~1 2 0 were increased in lethality for chickens and mice; this was associated not with toxic activity but with greater ability to survive in blood and peritoneal fluids. Strain F I 20 possessed transmissible ColV and Col Ib plasmids; increased lethality was closely associated with the ColV plasmid. When the ColV plasmids of another six wild strains of E. coli of varied origin were transferred to organisms of E. coh K 1 2 , the lethality increase was similar to that for ColV transfer from ~1 2 0 . No lethality change accompanied transfer of other Col plasmids. It was concluded that colicine V itself might be responsible for the increased lethality.
Strains of E. coli associated with bacteraemia in man and animals commonly produced colicine V.
I N T R O D U C T I O N
Several characters possessed by enteropathogenic E. coli are controlled by transmissible plasmids. These include the production of enterotoxin (Smith & Halls, 1968; Smith & Linggood, 1971 Skerman, Formal & Falkow, 1972) , K88 antigen (Mrskov & Orskov, 1966) , K99 antigen (Smith & Linggood, 1972 ) and u-haemolysin (Smith & Halls, 1967) . Whereas enteropathogenic strains of E. coli are usually confined to the alimentary tract, other pathogenic strains are invasive and produce their harmful effects in other tissues. It seemed worth determining whether any of the properties peculiar to invasive strains were also plasmid-controlled.
The main approach to the problem was to grow invasive strains of E. coli in mixed culture 
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with non-pathogenic strains under conditions providing maximum opportunity for conjugation, and then to determine whether the non-pathogenic strains had become lethal for chickens and mice. Most of the invasive strains produced a fatal bacteraemia when administered parenterally. No transmissible genetic element was demonstrated for the bacteraemic character of the invasive strains, but a toxin in one of two strains that produced it was controlled by a transmissible plasmid. Also, the production of colicine V, a common feature of invasive strains, was associated with increased lethality. Although, perhaps, not strictly invasive, some E. coli strains isolated from cases of cystitis and ulcerative colitis were also examined.
M E T H O D S
Experimental avtimals. Specified pathogen-free Light Sussex chickens were employed. Unless otherwise stated, they were 34 weeks old and weighed approximately 300 g when put under experiment. The mice were young adults of the White Swiss breed (Tuck TO) and the rabbits were New Zealand Whites. All the animals were fed ad libitum on commercial diets not containing antibiotics.
E. coli strains. The invasive strains had been isolated from man and animals under conditions strongly suggesting a pathogenic role. The majority of the animal strains had been isolated in this laboratory; the others were received from Drs Mary Cooke, F. and I. IZlrskov, B. Rowe, R. Sakarzaki and W. J. Sojka. Apart from E. coli ~1 2 , all the strains classed as non-pathogenic had been isolated from the faeces of healthy men (prefix H), pigs (prefix P) or sheep (prefix S); the antigenic formula of strain ~2 0 9 was 0 9 ; K3r ; Hr4 and that of SI was 078; K80. All strains were maintained on Dorset egg medium at 5 "C.
Culture media and cultural conditions. Nutrient broth contained (g/l) : Oxoid 'Lab. Lemco' 10; Oxoid peptone, L37,ro; glucose, I ; NaCl, 5. Its pH was adjusted to 7.5 before autoclaving at 105 "C for 2omin. Except where stated, broth cultures consisted of organisms grown in 10 ml broth for 24 h in a shaking water bath at 37 "C; they contained approximately 1.5 x 109 viable organisms/ml. The addition of 0.36 % agar to nutrient broth constituted soft agar. All cultures in this medium were incubated at 37 "C for 24 h, after which the bacteria and fluids were expressed through muslin by gentle squeezing; the fluids contained approximately 6.0 x I o9 viable organisms/ml.
Determination of lethality of strains of E. coli for experimental animals. Unless otherwise stated, broth cultures were injected intravenously (i.v.) into chickens in 0.3 ml amounts (5 x I o8 viable organisms) and intraperitoneally (i.p.) into mice in 0.05 ml amounts (7.5 x I 0' viable organisms). The animals were observed daily for 4 days and the livers of those that died were cultured on MacConkey agar to confirm recovery of inoculum organisms.
Transfer of lethal characters. Nutrient broth was seeded with 0.02 ml volumes of broth cultures of a lethal strain of E. coli and of a streptomycin-resistant mutant of a non-lethal strain -the prospective recipient. The mixed culture was incubated at 37 "C for 48 h without shaking and 0.2 ml inoculated into broth containing 30 pg streptomycin sulphate/ml. After incubation at 37 "C for 24 h, 0.2 ml of the culture with streptomycin was inoculated into more streptomycin-containing broth, the latter incubated as before and then sub-cultured into plain broth. This culture, referred to as the passaged mating culture, was then examined to confirm, as far as possible, that it did not contain donor organisms. For this purpose, and whenever it was necessary to distinguish donor from recipient strains, differences in their growth characteristics, antibiotic sensitivity or antigenic structure were exploited; some of the recipients were lac-and others were mutants resistant to nalidixic Transmissible pathogenic characters in E. coli 97 acid, spectinomycin or ampicillin in addition to streptomycin. If no donor organisms were found in the passaged mating culture, 0.5 ml was injected i.v. into a chicken and, if the chicken died, its liver was cultured to test that only organisms of the recipient strain were present. If so, the same lethality test was repeated in at least three animals and, if the result was still positive, the passaged mating culture was inoculated onto MacConkey agar to give well-separated colonies on incubation. A number of these colonies was purified by replating and then tested for lethality. Occasionally, the above procedure was varied. For example, if the donor strain was itself streptomycin-resistant, an ampicillin-resistant or nalidixic acid-resistant mutant of the recipient strain was employed; the mating culture was then passaged through broth containing 30 pg ampicillin or sodium nalidixate/ml. Also, if the donor strain possessed an R factor, the mating culture was sometimes passaged through broth containing one of the antibiotics to which the donor strain was resistant in addition to the antibiotic to which the recipient was resistant.
Colicines. These were identified by the method of Lewis (1968) using the indicator and colicine-producing strains of Professor P. Fredericq of the University of Liege ; final identification of the colicines produced by all the bacterial strains employed in comparative lethality tests was achieved by Professor Fredericq himself.
The identiJcation of bacterial strains possessing transfer factors. This was performed by the antibiotic resistance determinant-mobilization test (Anderson, 1965) as described by Smith & Linggood (1970) , the presence of a transfer factor being identified by its ability to mobilize a streptomycin/sulphonamide resistance determinant in an E. coli K I 2 strain.
Fertility-inhibiting ($1 character of transfer factors. This was determined by transmitting an F-linked tetracycline-resistance determinant from an E. coli K I~ strain to another K 1 2 strain possessing the transfer factor under test. The latter strain was then examined for susceptibility to visible lysis by the F-specific phage MS2 (Davis, Strauss & Sinsheimer, 1961) .
The estimation of Col V+ and Col V-organisms in the blood and liver of chickerrs and in the blood and peritofleal washings of mice. Chickens were injected i.v. with equal numbers of washed ColV+ or ColV-organisms of the same strain of E. coli. At intervals viable numbers were estimated in blood removed from wing veins. Viable numbers in the liver were estimated on I g organ samples removed at the end of the experiment and ground with sterile sand and 9 ml volumes of phosphate buffer (pH 7.0) in a pestle and mortar. Some chickens were infected with equal numbers of both ColV+ and ColV-organisms. Colonies from blood and liver samples of these chickens were spot-inoculated directly onto Petri plates of nutrient agar over which had been spread a diluted culture of E. coli ~1 2 to differentiate the Col V+ from the ColV-colonies. When colicine V-resistant (COW) organisms were included in the mixed inoculum given to chickens, their colonies were differentiated from those of ColV+ and ColV-ones by their insusceptibility to colicine V and inability to produce it. Mice were also injected i.p. with equal numbers of washed Col V or ColV-organisms of the same strain, killed 18 h later, and viable numbers estimated in heart blood and washings rinsed from the peritoneal cavity with I ml saline. Colonies obtained from mice infected with equal numbers of both ColV+ and ColV-organisms were differentiated as those from infected chickens.
The survival of Col V+ and Col V-organisms in chicken serum. Broth cultures of Co1V"-and ColV-organisms of the same strain of E. coli were diluted I in 20000 in phosphate buffer, and 0.08 ml volumes added to 0.5 ml volumes of chicken serum and incubated in a shaking water bath at 37 "C. At intervals, viable numbers were estimated. Sometimes both kinds of organisms were added to the same sample of chicken serum. In this case, 50 colonies from each of two sets of viable-count plates were examined for colicine production as previously described. The first set were those of organisms present in the serum sample at the commencement of the experiment, and the second set were those prepared when the number of viable organisms in the sample had been reduced by 90 to 95 %. In control tests, samples of sera were heated at 65 "C for 30 min before inoculation to confirm that the serum could support the multiplication of ColV+ and ColV-organisms.
Bacterial counts. Viable organisms in broth cultures and tissue fluids were estimated by the method of Miles & Misra (1938) using MacConkey's agar.
Antisera. These were prepared by the multiple i.v. injection of rabbits with live broth cultures.
Statistical analysis, The results of lethality tests were analysed in 2 x 2 contingency tables and examined for significance by the x2 test by Mr J. G. Rowel1 of the A.R.C. Statistics Group at Cambridge University.
R E S U L T S
The lethality for cliickens and mice of strains of E. colifroin diflerent sources Chickens were inoculated intravenously and mice intraperitoneally with strains of E. coli associated with different disease conditions in man and domestic animals ( Table I ) . All except two of the 54 strains isolated from animals with bacteraemia were lethal for chickens and so were over half of the strains from human beings with bacteraemia, meningitis, ulcerative colitis or cystitis; a slightly higher proportion of the human strains were lethal for mice. By contrast, of the strains isolated from the faeces of human beings or animals -whether healthy or suffering from E. coli diarrhoea -only a small proportion were lethal for chickens. In the chickens and mice that died in these experiments, death usually occurred within I to 2 days of infection and, at autopsy, large numbers of organisms of the infecting strain were cultured from their livers. Supernatant fluids of centrifuged broth cultures of the lethal human strains were injected i.v. into chickens in I .o ml amounts and into mice in 0.2 ml amounts; none of the animals died.
Transmissible parhogenic characters in E. coli The incidence of transjer factors in invasive strains of E. coli E. coli strains associated with bacteraemia, cystitis and ulcerative colitis in man and bacteraemia in calves, lambs and chickens were examined for transfer factors (Table 2) ; none of these strains possessed characters known to be transferable, such as antibiotic resistance and colicine and haemolysin production. Transfer factors were common in the animal strains, being five times more frequent in chicken and nine times more frequent in calf and lamb strains than in the human strains.
The traiisfer of Iethalitjv .froni invasi\,e strains of E. coli to non-lethal strains
In all, 550 passaged mating cultures were tested for lethality in chickens. These were derived from one or other of five recipient strains of E. coli that had been grown in mixed culture with one or other of 200 potential donor strains that were lethal for chickens and lhat had originated from human beings (40), calves and lambs (20) , and chickens (140) . The five recipient strains, K I 2. P I 3, ~2 0 9 , ~1 0 3 and S I , were chosen for use principally because they were good recipients of R factors, did not possess transfer factors and were always non-lethal under the conditions of test; if employed in increased dosage and/or in 2-weekold (instead of 3i-week-old) chickens, some strains exhibited a low degree of lethality (see Table 6 for example). During culture in broth, strain ~2 0 9 usually gave rise to K-variants so that passaged mating cultures of this strain consisted of mixtures of K+ and K-organisms. The only chickens that died were those given passaged mating cultures grown with either of two of the 200 potential donor strains. Subsequent investigations, described below, indicated that these two strains possessed transmissible plasmids coding for lethal I00
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characters. One of the plasmids was provisionally designated Vir, while the other, on account of its close association with colicine V production, was not named.
The Vir plasmid
Strain s5 (antigenic formula 015:K?:H21), the E. coli strain possessing the Vir plasmid, had been isolated from the blood of a lamb that had died from an E. coli bacteraemia. The presence of the plasmid was first suspected when the passaged mating culture of the recipient strain ~2 0 9 grown with s5 proved lethal for chickens. A further eight matings between these two strains all gave rise to passaged mating cultures of ~2 0 9 that were chicken-lethal. The examination of single colonies from one passaged mating culture and from matings of s5 with other recipient strains, including E. coli K I~Y~c A -, revealed a high rate of transfer of lethal activity, the highest rate being to K-organisms of H209 (Table 3) . Unlike other recipients, the Salmonella typhimurium strain was lethal for chickens. However, its Vir + forms could be distinguished from Vir-forms by the characteristic lesions Virf organisms produced in chickens (see below).
Vir transfer was not detected during culture of a ~2 0 9 K -strain in broth containing 5 ml of a membrane filtrate (Millipore; 450 nm) of a broth culture of strain s5. The latter was not latently infected with bacterial viruses active on ~2 0 9 , E. coli K12 or any of the other strains tested. It possessed an fi+ transfer factor (Tra) detected by antibiotic resistance determinant mobilization tests in all of five Vir+ strains of ~2 0 9 obtained from a mating with s5 but not in five Vir-strains obtained from the same mating; four Vir+ and four Vir-strains of Salm. typhimurium obtained in a similar manner were Tra+ and Tra-respectively, as were 12 Vir 1-and 20 Vir-strains of E. coli KI2. Vir-forms were not detected in a ~2 0 9
Vir+ strain during acridine orange treatment. Vir-forms of Salm. typhimurium, however, were found in the tissues of chickens inoculated with Virf organisms of this strain.
Serological studies on Virf bacteria
Antisera were prepared against E. coli s5 and against Vjr+ and Vir-forms of E. coli ~2 0 9 and ~209K-, those prepared against the Vir+ forms of ~2 0 9 and ~2 0 9 K -being subsequently absorbed with live organisms of the corresponding Vir-forms. Slide tests with these antisera revealed that s5, and the Vir+ but not the Vir-forms of ~2 0 9 and ~209K-, possessed a common antigen. In these tests, bacterial suspensions that had been held at 60 "C for 30 min agglutinated more slowly than live suspensions; suspensions held at 100 "C for 30 min did not agglutinate. The antigen was also demonstrated in all of 14 Vir+ strains of ~2 0 9 or ~2 0 9 K -obtained from several matings with s5 but not in any of eight Vir-strains obtained from these matings. From other matings, all of four strains of Salmonella typhimurium, 12 strains of Shigella sonnei and five strains of E. coli ~1 0 3 , all classed as Virf by lethality tests, possessed the antigen whereas all of four strains of Salm. typhimtlrium, eight strains of Sh. sonnei and 15 strains of ~1 0 3 classed as Vir-did not. Because of the complete correlation found between lethality and agglutination tests, subsequent attempts to transfer Vir were monitored by the slide agglutination test. Vir was transferred to a chicken bacteraemia strain of E. coli (02: KI) and to Vi+ and Vi-forms of Salmonella typhi, Vir+ colonies derived from the Vi+ form agglutinating poorly with Vi+ antiserum. Transfer to the E. coli strain was confirmed by lethality tests; these tests were not performed for the Salm. typhi strain. Transfer was not detected to 12 Culture filtrates were membrane-sterilized supernatants fromcentrifuged broth cultures; ultrasonicates were membrane-sterilized supernatants from broth cultures centrifuged after ultrasonic treatment (M.s.E., IOO W, 3,4 in probe for 5 min with cooling).
The iurcidence of Vir activity in strains of E. coli By slide agglutination tests, the Vir antigen was detected in only one of 190 epidemiologically-unrelated human (so), bovine (74), ovine (38) and porcine (28) strains of E. coli; these strains had been isolated from the faeces of healthy individuals or from cases of diarrhoea or bacteraemia. The one Vir+ strain, like s5, had been isolated from the blood of a lamb suffering from E. coli bacteraemia. It had the same antigenic formula as E. coli s5 and produced lesions typical of Vir activity when inoculated into chickens. Although it possessed a transfer factor, all attempts to transfer its Vir activity failed.
Tlie lethality for chickens, rabbits and mice ofjltrates and irltrasonicates of broth cultiires of Vir+ and Vir-organisms Different amounts of sterile membrane filtrates and ultrasonicates of broth cultures of E. coli H209K-Vir" and Vir-were injected i.v. into chickens, rabbits and mice (Table 4) . The filtrates and ultrasonicates of the Vir-culture produced no ill effect. By contrast, both preparations from the Vir+ culture were lethal -especially the ultrasonicates ; chickens were more susceptible than rabbits and mice. Two groups of three chickens given 0.4 ml of the Vir+ ultrasonicate i.p. or i.m. died; a group given 5.0 ml orally remained well.
Results similar to those above were obtained with VirT and Vir-forms of other strains, provided similar cultural conditions were employed; in conditions of partial or strict anaerobiosis, no toxic effect was detected. Live cultures, culture filtrates and ultrasonicates of all the Vir-strains produced the same syndrome when injected i.v. into chickens, rabbits and mice. Depending on the dose, death occurred within 6 to 24 h. Always present in dead chickens were large amounts of clear yellow serous fluid in the abdominal cavity and pericardial sac, and characteristically pale-coloured livers. Pale livers were common, too, in the dead rabbits and mice. but not the excess fluid. The livers of four chickens, one mouse and one rabbit were examined histologically by Dr J. E. T. Jones, who reported that the main lesion present was focal necrosis of the liver cells with, in the case of the chicken livers, a pronounced and widespread distension of the sinusoids with erythrocytes.
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The eflect of heat, pH and dialysis on the lethality of$ltrates and ultrasonicates of VirS-cultures
Broth culture filtrates of E. coli ~2 0 g K -V i r~ were held at different temperatures and pH values and then injected i.v. into chickens ( Table 5 ). Holding at 50 "C or more for 30 min, or at pH 5.0 or lower for I h, rendered the filtrate innocuous. Similar results were obtained with sterile ultrasonicates of broth cultures of this strain.
Using Visking seamless cellulose tubing, 20 ml of a broth culture filtrate of ~2ogK-Vir-lwere dialysed against 20 ml of broth for 2 days. Two chickens were then injected i.v. with 2.0 ml volumes of the diffusate; both remained well. Dialysis was continued for a further day against I 1 broth, and 0.2 ml volumes of the dialysate were then injected i.v. into two chickens. Both died, indicating that little or none of the filtrate toxicity had been lost during dialysis.
The efSect of antiserum on Vir activity Broth culture filtrates of E. coli H20gK-Viri-in 0.4 ml amounts were incubated at 37 'C for I to 3 h with 0.4 to 2.0 ml volumes of an antiserum against live broth cultures of this strain, and the mixtures then injected i.v. into four chickens; all four died, exhibiting lesions characteristic of Vir activity. Similarly, failure of antiserum protection was noted with sterile ultrasonicates in chickens (0.02 ml ultrasonicate +0+4 to 2.0 ml antiserum) and in mice (0.2 ml ultrasonicate + 0.2 to 0.4 ml antiserum).
The influence of the Vir plasmid on the pathogenicity of Salm. typhimirrirrr~i
for chickens Two groups of 25 one-day-old chickens were given orally 0.5 ml of a broth culture of either a Virf or a Vir-form of Salm. typhimurium. Very little difference was noted in the course of the disease between the two groups: by the sixth day after infection, 2 2 chickens in the Vir+ group and 18 in the Vir-group had died; the results of i.p. administration of Vir+ and Vir-cultures to three-day-old chickens were also similar. About half of the SaZnz. tj'phinwriurw organisms isolated from dead chickens given the Vir+ form had lost the Vir plasmid.
The Col V plasmid The discovery that a plasmid coding for colicine V production was associated with lethality stemmed from an observation that all of four different passaged mating cultures of E. coli ~2 0 9 that had been grown with an 078:K80 strain of E. coli, ~1 2 0 , were lethal for chickens on i.v. injection. E. coli ~1 2 0 , which had been associated with an outbreak of bacteraemia in broiler chickens, produced two colicines, I b and V. Both colicines were controlled by transmissible plasmids which transferred at a high rate from F120 to E. coli ~2 0 9 and K I 2 ; the exconjugants had acquired one or other, or both, of the plasmids. Of 37colonies of ~2 0 9 cultured from one of these matings, 16 had acquired the ColIb plasmid of ~1 2 0 , three the ColV plasmid and two had both plasmids. When the K-form of ~2 0 9 was used as recipient, 1 3 of 34 colonies cultured had acquired ColIb only and the remainder had either ColV or both plasmids. The Col plasmid status of the colonies could easily be ascertained by spot-inoculating them on to ' lawns' of E. coli K I 2, K I 2 Col1 b+ and K I 2C01 V+ on nutrient agar. Neither plasmid was completely stable in ~2 0 9 , and Col-forms could be obtained without difficulty from Col+ forms; these Col-forms were devoid of transfer factors. The transfer factors of the ColV plasmid were classed as fif, although one of 50 ColV-colonies of E. coli K 1 2 obtained from one mixed culture of this strain and ~2 0 9 ColVt-was fully susceptible to the MS2 phage; the other 49 were Tra-. FI 20 or with strains to which the ColIb and ColV plasmids of F 1 2 0 had been transferred. In these (Table 6 ) and subsequent infection experiments a suitably high mortality rate was achieved by using 2-weekold in place of 3+-week-old chickens, and by substituting soft agar cultures, with their higher bacterial content, for broth cultures of the E. coli K12 and P I O strains. Most deaths occurred I to 3 days after inoculation, no characteristic lesions being noted at autopsy. All the strains acquiring the Col V plasmid of F120, but not its Ib plasmid, were more lethal than the Col-strains from which they were derived. Also, loss of ColV from the ~2 0 9 strain was accompanied by loss in lethality, while the acquisition of only the transfer factor of ColV by E. coli K 1 2 was not accompanied by a significant increase in lethality. The increased lethality associated with possession of the ColV plasmid was still exhibited by the last recipient after six successive transfers between K I 2 strains. Several other Col-, Col1b-l and ColV+ forms of E. coli ~2 0 9 and K I 2 obtained from other matings of these strains with ~1 2 0 were also tested in smaller groups of chickens; the results were similar to those in Table 6 .
Mice were inoculated i.p. with forms of E. coli ~2 0 9 that had or had not acquired the ColV or I'b plasmids of E. coli F I~O ( Table 7) . The mortality rate in the group given the ColV" form was much higher than in that given the Col-form (P < 0.001); mortality in the group given the ColIbS-form was only slightly higher (0.05 < P < 0.1). In all, of 130 mice given the ColV+ form, 92 died; of I 30 mice given the ColV-form, 38 died.
The transfer qf Col V and other Col plasmids.from enterobacterial strains to E. coli ~1 2 :
its eflect on the lethality of the K I~ strain for chickens Groups of 30 two-week-old chickens were injected i.v. with a strain of E. coli ~1 2 to which had been transferred ColV and other Col plasmids from enterobacterial strains (Table 8) . Apart from differing in other respects, all seven ColV donor strains were epidemiologically unrelated; six had been isolated from cases of bacteraemia (two in humans and four in chickens), and one had been isolated from the faeces of a healthy pig. Four of these donor strains possessed transmissible Col plasmids in addition to ColV, and these co-transferred with ColV to the K 1 2 strain. The K 1 2 strains possessing plasmids similar, in the main, to the additional plasmids possessed by the four donor strains were included in the tests principally to determine whether the presence of the additional plasmids factor F; the E I (F+) strain had also acquired F but the E I (F-) strain had not.
in the four strains influenced their pathogenicity. The ~1 2 F + strain was tested mainly because the two forms of the K L 2 strain that had received ColV plasmids from E. coli ~7 0 and ~7 2 had become, as a result, fully susceptible to the MS2 phage, indicating that their transfer factor was probably F. The seven forms of the ~1 2 strain acquiring ColV plasmids from the different E. coli strains had similar virulence for chickens and this was significantly higher than that of the K I~ strain itself or its forms with other Col plasmids or F.
Mice in groups of 60 were each inoculated i.p. with 5 x 10' viable organisms of E. coli ~2 0 9 or with forms of this strain that had acquired the ColI, la, Ib (from E. coli ~1 0 7 , not ~1 2 0 ) and the ColEr plasmids listed in Table 8 ; there was no significant difference between the mortality rate in the groups given the Col+ forms of 11209 and the group given the ~2 0 9 strain itself.
During the search for the wild ColV+ E. coli strains used in the above experiments, 179 bacteraemia strains of E. coli were examined for colicine production. Of 38 human strains, seven produced colicine V and eight produced other kinds of colicine. The corresponding proportions were: for 12 bovine strains, five with ColV and three with other colicines; for 12 sheep strains, three with ColV and three with other colicines; and for I 1 7 chicken strains, 78 with ColV and 18 with other colicines.
The lethality for chickens of sterile preparations of cirltrires of Col V" E. coli Ultrasonicates of bacterial suspensions expressed from soft agar cultures of Col V-1 forms of E. coli ~1 2 and ~2 0 9 and rendered organism-free by membrane filtration were injected i.v. in 5 ml amounts, into eight 2-week-old chickens; none died. No deaths occurred in any of 14 chickens injected i.v. with 5 ml volumes of broth cultures of these strains killed either by chloroform or by incubation at 37 "C for 4 h after addition of IOO pg neomycinlml culture. The ColVf organisms employed in these and in subsequent experiments had acquired their ColV plasmid from E. coli ~1 2 0 .
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The concentration of Col V+ and Col-organisms in the tissues of infected chickens and mice
The blood and h e r concentrations of ColVs and ColV-organisms at intervals after i.v. injection of chickens were estimated (Table 9) . So was the ratio of ColV-t and ColVorganisms, and sometimes colVr organisms (colicine V-resistant mutants), determined in chickens receiving mixtures of equal numbers of organisms (Table 10) . In both experiments, higher concentrations of ColV+ than of ColV-organisms or, where applicable, of COW organisms, were usually found in the blood -especially 24 h after inoculation. Slightly higher concentrations of ColV-t. than of the other organisms were sometimes found in the Liver. In simiIar experiments in mice, higher concentrations of ColV+ than of ColVorganisms of E. coli ~2 0 9
were found in the peritoneal fluid and blood 18 h after i.p. injection (Tables I I and 12) .
The results of giving mixtures of organisms to chickens and mice might have been influenced by colicine V production and/or by ColV transfer occurring in vivo. The possibility in broth suspensions of colicine production by ColV+ organisms suppressing Col Vorganisms and/or of ColV transfer was assessed; 10 ml volumes of broth were inoculated with 0.1 ml amounts of broth cultures of ColV+ and ColV-organisms of E. coli ~2 0 9 and incubated at 37 "C for 24 h. Of roo colonies sampled from this mixture, 58 were ColV-b at o h and 50 were ColV+ at 24 h. In a similar experiment with ColVf (nalidixic acidresistant mutants) and ColV-(ampicillin resistant) organisms of E. coli ~1 2 , 39 of the roo colonies obtained from the mixed culture at o h were ColV+; at 24 h 49 ColVl-were obtained, the slight increase probably being accounted for by the fact that eight of the 49 colonies consisted of ampr organisms that had acquired the ColV plasmid.
Transmissible pathogenic characters in E. coli 107 For each form, doses of j x 10: viable organisms were inoculated i.p. into groups of 6 mice.
* The peritoneal washings were obtained by rinsing out the abdomen with I ml saline.
TJie sur1tivaI of Col VT and Col V-organisms in chicken serum Fresh samples of serum, each taken from a different healthy 4-week-old chicken, were inoculated with mixtures of diluted broth cultures of ColV+ and ColV-or COW organisms of E. coli ~7 2 and H209 and incubated at 37 C. The ratio of the two kinds of organism in each sample was determined at the start and at the time when the bacterial concentration had decreased by more than 90 (Table 13 ). The ColV+ organisms of E. coli K 1 2 survived much better in all six samples than did the ColV-or colV organisms. A similar trend was 
45
* At this time the concentration of viable organisms was < 10 % of the approx. ~o*/mlIpresent at o h. noted for the ColV+ and ColV-organisms of E. coli ~2 0 9 (ColVf and ColV-organisms Of K12 and ~2 0 9 survived equally well as mixtures in one of the serum samples that had been heated to 65 "C for 30 min, the concentration of both kinds of organisms increasing about tenfold during a 3 h incubation period).
Next, serum samples were inoculated with either ColVf or ColV-organisms of E. coli K12. The concentration of viable ColV-organisms in the six samples decreased by 99 to IOO % (median 99.5 %) during I h incubation, whereas the concentration of viable ColVf Transmissible pathogenic characters in E. coli 109 organisms decreased by only 94.5 to 99 % (median 97.5 %); for any particular sample of serum, the concentration of surviving ColV-organisms at this time was 3 to 1 2 times less than that of ColV+ organisms.
Agglutination tests between Col V+ and Col I/-organisms and antisera Antisera were prepared against E. coli ~1 2 0 and against forms of E. coIi ~2 0 9 and K12 with and without the ColV plasmid of ~1 2 0 .
These five antisera were then employed in tube 0. agglutination tests against F120 and forms of E. coli ~2 0 9 , E. coli PI^ and Shigella sonnei both with and without the ColV plasmid of ~1 2 0 ; E. coli K12 organisms were not employed because of their rough nature. The tests were repeated by the slide method using live bacterial suspensions. None of the strains that had acquired the ColV plasmid of ~1 2 0 had acquired an antigen by these tests.
D I S C U S S I O N
The results indicate that the specific toxic activity of E. coli s5 is controlled by a transmissible plasmid designated, provisionally, Vir. Because of its high susceptibility to heat and low pH and its failure to dialyse, the toxin is probably protein in nature. Furthermore, the agglutination of Virf organisms by specific antiserum suggests that Vir may be a surface antigen. If so, it is not an internationally recognized one (I. Orskov, W.H.O. Escherichia coli Centre, Copenhagen, personal communication). Although the organisms were agglutinated, their toxic activity was not neutralized by antiserum because pretreated culture filtrates and ultrasonicates were fully lethal for experimental animals. This, of course, is not an unusual phenomenon -some endotoxins, for example, resemble Vir in this respect. Even so, the possibility that the apparent identity of the agglutinogen and the toxin of Vir+ organisms is merely a reflexion of two different genes being located on the same plasmid cannot be entirely overlooked.
Vir+ strains of E. coli appear to be uncommon in nature, only two strains being found amongst the 190 examined from man and domestic animals; both were isolated from sheep, which are rarely given antibiotics orally. Had the Vir plasmid originated in the E. coli flora of a species of domestic animal frequently given antibiotics orally, e.g. pigs, the plasmid might well have become more common because its transfer factor can transfer antibiotic resistance determinants in addition to the Vir determinant.
Although ultrasonicates and culture filtrates of Vir + organisms were lethal for experimental animals, especially chickens, toxin production was not detected, for example, under anaerobic or partially anaerobic conditions. The question arises whether toxin is produced in significant amounts iu l*ii,o. Certainly the acquisition of the Vir plasmid by the Salm. typ/ziti1t4rit~m strain did not lower the survival rate of infected chicks, possibly because of the comparative instability of the plasmid in this particular strain.
In all the transfer experiments involving the ColV plasmid of E. coli ~1 2 0 , including that of six consecutive transfers from one strain of E. coli K I~ to another, the subsequent animal inoculation studies revealed that the acquisition of ColV was always accompanied by an increase in lethality. This was not so with strains that had apparently only acquired the transfer factor of the ColV plasmid or that had only acquired the ColIb plasmid of ~1 2 0 . Also, spontaneous loss of the ColV plasmid by a recipient strain was accompanied by a return to normal lethality. Thus it seems likely that the genetic elements responsible for this increased lethality and for colicine V production in F120 are located on the same plasmid. The subsequent observation of lethality increase on transfer of ColV plasmids to E. coli ~1 2 from another six wild ColVt strains of E. coli, that differed widely in their origins, indicates
